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(57) ABSTRACT

A lighting device that is connected to a DC power source and
supplies an electric current to a solid-state light-emitting ele-
ment (LED) whose forward voltage ranges from Vimin to
Vimax includes a DC/DC converter (buck converter) and a
control unit. The DC/DC converter includes a switching ele-
ment. The control unit turns OFF the switching element by
peak current control, and when the solid-state light-emitting
element to be connected to the lighting device has a forward
voltage of Vimax, turns ON the switching element in fixed
cycles such that the DC/DC converter operates in BCM.
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LIGHTING DEVICE, LUMINAIRE, METHOD
FOR DESIGNING LIGHTING DEVICE, AND
METHOD FOR MANUFACTURING
LIGHTING DEVICE

CROSS REFERENCE TO RELATED
APPLICATION

This application claims the benefit of priority of Japanese
Patent Application Number 2013-161862, filed Aug. 2, 2013,
the entire content of which is hereby incorporated by refer-
ence.

TECHNICAL FIELD

The disclosure relates to a lighting device for a solid-state
light-emitting element such as a light emitting diode (LED),
a luminaire including the lighting device, and a method for
designing the lighting device.

BACKGROUND ART

Solid-state light-emitting elements such as LEDs have
shown promise as light sources of various products because
of their small size, high efficiency and long life.

In order to light up the LEDs stably, it is desired that
lighting devices for lighting up the LEDs should be under
constant current control of outputting a constant output elec-
tric current for any LED serving as a load. The reason is as
follows: the voltage-current characteristics of the LEDs have
anon-linear feature in which an electric current starts flowing
at a certain applied voltage or higher, and a forward voltage
does not substantially change while an electric current near a
rated current value is flowing; and light output of the LEDs
basically depends on a value of an electric current that is
flowing through the LED:s.

By providing control so that a constant electric current
flows through the LEDs for any output voltage, the constant
current control can reduce variations in light output in the
case where there are variations in lighting voltage due to the
individual difference among the LEDs. Also, even when loads
having different rated lighting voltages are connected or even
when the number of identical loads connected in series is
changed, the constant current control can pass a constant
electric current through the loads, thereby accommodating
various connection load styles.

For example, a lighting device disclosed in Japanese Unex-
amined Patent Application Publication No. 2012-109141
attempts to realize the constant current control by operating a
buck converter, which is a kind of DC/DC converters located
in the lighting device, by boundary current mode (BCM)
control and peak current control. The BCM control is a con-
trol system of turning ON a switching element in the buck
converter when release of predetermined energy from an
inductor in the buck converter is sensed. Also, the peak cur-
rent control is a control system of turning OFF the switching
element when a detection value of an electric current flowing
through the switching element in the buck converter reaches
a predetermined value.

In the BCM control, an average output electric current is
half the electric current peak value. In the peak current con-
trol, when the electric current reaches a peak current refer-
ence value Iref, the switching element is turned OFF so as to
match the peak value of an inductor electric current with the
reference value Iref. Accordingly, it is possible to keep the
output electric current at a constant value (V2 of the current
reference value Iref) regardless of the output voltage.
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However, components constituting the buck converter have
adelay time attributable to their response speed (for example,
a delay time of a detection operation circuit, a signal output
delay time of a driver IC, a drive delay time of the switching
element, etc.). Thus, there occurs a delay time AT starting
when the electric current flowing through the switching ele-
ment reaches the peak current reference value Iref until the
switching element is turned OFF to interrupt the electric
current.

FIG. 1 illustrates how the inductor electric current varies
over time under the BCM control.

In this figure, the inductor electric currents for different
load voltages V1 and V{2 are shown.

Due to the above-mentioned delay time, an actual peak
value of the electric current flowing through the inductor
exceeds the reference value Iref by Alp as shown in FIG. 1.

When an input voltage of the buck converter pulsates, the
load voltage of the buck converter varies. Thus, as shown in
FIG. 1, an inclination of the inductor electric current also
varies, resulting in variations in light output.

In response to the above problem, Japanese Unexamined
Patent Application Publication No. 2012-109141 detects a
voltage corresponding to the input voltage of the buck con-
verter using a secondary winding of the inductor so as to
correct the peak current reference value Iref.

On the other hand, Japanese Unexamined Patent Applica-
tion Publication No. 2010-40509 discloses a circuit for equat-
ing electric currents flowing through a plurality of LEDs
included in a lighting device. In the lighting device disclosed
in this document, a common electric current reference value
for the individual LEDs is set, and feedback control is per-
formed so that an average electric current flowing through
switching elements in buck converters that respectively sup-
ply an electric current to these LEDs coincides with the elec-
tric current reference value.

More specifically, the electric current flowing through the
switching element of each buck converter is monitored, and
the difference between a monitored electric current and the
electric current reference value is calculated by an error
amplifier. Then, by calculating a logical sum of an output of
the error amplifier and a sawtooth waveform (a RAMP wave-
form), a duty ratio of a drive signal of the switching element
is regulated so that an average value of the monitored electric
current and the electric current reference value are equated
with each other during a period in which the switching ele-
ment is in an ON state. In such a control, the constant current
control is performed normally in a continuous current mode
(CCM).

SUMMARY

Although the delay time AT of the components constituting
the buck converter has been considered, the lighting device
disclosed in Japanese Unexamined Patent Application Publi-
cation No. 2012-109141 is intended to solve the variations in
output electric current due to the pulsation of the input voltage
of'the buck converter. Thus, such a technique cannot improve
the electric current variations due to the delay time AT at the
time of variations in output voltage. Accordingly, the output
voltage-output current characteristics do not achieve per-
fectly constant electric current properties. For example, when
the output voltages are V{1l and V12 (Vf1<V12), the inductor
electric current of the buck converter varies over time as
shown in FIG. 1. As illustrated in this figure, since the lower
output voltage shows a higher rate of change in electric cur-
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rent over time while the switching element is in the ON state,
the difference Alp of the peak electric current from the refer-
ence value is larger.

FIG. 2 shows the relationship between the output voltage
VT of the buck converter and a load current Iout.

As shown in FIG. 2, an output electric current increases
with a decrease in the output voltage. In a lighting device with
such characteristics, problems could be caused in that the
individual difference in voltage-current characteristics and
temperature characteristics of LEDs to be connected bring
about difference in light output depending on the LEDs and
variations in light output over time. Further, when different
kinds of loads having the same current rating and different
voltage ratings are connected or when the number of loads
connected in series is changed, there could be a problem that
the difference in output voltage causes the output electric
current to deviate from a rated value, so that a necessary light
output cannot be obtained.

Further, in the lighting device disclosed in Japanese Unex-
amined Patent Application Publication No. 2010-40509,
although the electric currents through the individual LEDs
can be matched with the common electric current reference
value, peripheral circuits such as the error amplifier are
needed for constituting a feedback circuit. Consequently, the
lighting device disclosed in this document requires higher
cost than lighting devices including no feedback circuit.

Moreover, since the drive signal of the switching element is
generated by calculating the logical sum of the output of the
error amplifier and the sawtooth waveform, a switching fre-
quency always coincides with a frequency of a sawtooth
wave. In other words, the operation is basically performed in
the CCM at a constant frequency. In the CCM, since the
electric current flowing through the inductor of the buck
converter is continuous and does not return to 0, the continu-
ous electric current is turned ON/OFF. Thus, there arises a
significant stress and loss, for example, a through-current
flows through the components such as the switching element
in the buck converter. This lowers a circuit efficiency, raises
the cost of circuit components and increases a circuit size. The
above-described technique is not suitable especially for high-
power illumination uses.

The present invention has been made bearing the foregoing
in mind, and it is an object of the present invention to provide
a lighting device that uses a DC/DC converter to light up a
solid-state light-emitting element and stabilizes light output
with a simple configuration.

In order to achieve the object mentioned above, a lighting
device according to one aspect of the present invention is a
lighting device that is connected to a DC power source and
supplies an electric current to a solid-state light-emitting ele-
ment whose forward voltage ranges from Vimin to Vimax.
The lighting device includes a DC/DC converter; and a con-
trol unit. The DC/DC converter includes: a switching element
that is connected in series with the DC power source and
turned ON and OFF; an inductor that is connected in series
with the switching element and supplied with an electric
current from the DC power source when the switching ele-
ment is in an ON state; a diode that supplies, to the solid-state
light-emitting element, an electric current released from the
inductor; and a current detection circuit that detects an elec-
tric current flowing through the switching element and out-
puts a current detection value of the electric current that is
detected. The control unit includes a comparator that com-
pares the current detection value with an electric current
reference value, is configured to (i) switch the switching
element from the ON state to an OFF state when the control
unit senses that the current detection value reaches the electric
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current reference value based on an output signal from the
comparator, and (ii) switch the switching element from the
OFTF state to the ON state in fixed cycles, each of which being
aperiod where timing at which the inductor finishes releasing
the electric current and timing at which the switching element
is switched from the OFF state to the ON state coincide with
each other when the forward voltage of the solid-state light-
emitting element connected to the lighting device is the
Vimax.

Also, in the lighting device according to one aspect of the
present invention, the Vfmax may be larger than Y2 of an
output voltage value of the DC power source.

Further, in the lighting device according to one aspect of
the present invention, the Vimin may be larger than a differ-
ence between the output voltage value of the DC power
source and the Vimax.

Moreover, in the lighting device according to one aspect of
the present invention, the control unit may further include a
pulse generator that repeatedly outputs a pulse signal in the
fixed cycles, the pulse generator determining the fixed cycles
based on an output voltage value of the DC power source and
a forward voltage value of the solid-state light-emitting ele-
ment to be connected to the lighting device.

Additionally, a luminaire according to one aspect of the
present invention includes any of the lighting devices
described above, and a solid-state light-emitting element
whose forward voltage ranges from Vimin to Vimax.

Furthermore, a lighting device according to another aspect
of'the present invention is a lighting device that is connected
to a DC power source and supplies an electric current to a
plurality of solid-state light-emitting elements. The lighting
device includes: a plurality of DC/DC converters; and a con-
trol unit. The plurality of DC/DC converters each include: a
switching element that is connected in series with the DC
power source and turned ON and OFF; an inductor that is
connected in series with the switching element and supplied
with an electric current from the DC power source when the
switching element is in an ON state; a diode that supplies, to
one of the plurality of solid-state light-emitting elements, an
electric current released from the inductor; and a current
detection circuit that detects an electric current flowing
through the switching element and outputs a current detection
value of the electric current that is detected. The control unit
includes: a sensing circuit that senses that the electric current
through the inductor included in every one of the plurality of
DC/DC converters is zero; and a plurality of comparators that
are in one-to-one correspondence with the plurality of
DC/DC converters. The plurality of comparators each com-
pare the current detection value with an electric current ref-
erence value. The control unit is configured to (i) switch the
switching element corresponding to one of the plurality of
comparators from the ON state to an OFF state when the
control unit senses that the current detection value reaches the
electric current reference value based on an output signal
from the one of the plurality of comparators, and (ii) switch
the switching element included in every one of the plurality of
DC/DC converters simultaneously from the OFF state to the
ON state when the sensing circuit senses that the electric
current through the inductor included in every one of the
plurality of DC/DC converters is zero.

Also, in the lighting device according to one aspect of the
present invention, the electric current reference value may be
common to the plurality of comparators.

Moreover, in the lighting device according to one aspect of
the present invention, Vfmax may be larger than Y2 of an
output voltage value of the DC power source, where Vimax
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denotes a maximum forward voltage among forward voltages
of the plurality of solid-state light-emitting elements.

Further, in the lighting device according to one aspect of
the present invention, Vimin may be larger than a difference
between the output voltage value of the DC power source and
the Vifmax, where Vimin denotes a minimum forward voltage
among the forward voltages of the plurality of solid-state
light-emitting elements.

Additionally, a luminaire according to one aspect of the
present invention includes any of the lighting devices
described above, and a plurality of solid-state light-emitting
elements.

With an aspect of the present invention, it becomes possible
to achieve the lighting device that uses a DC/DC converter to
light up a solid-state light-emitting element and stabilizes the
light output with a simple configuration.

BRIEF DESCRIPTION OF THE DRAWINGS

The figures depict one or more implementations in accor-
dance with the present teaching, by way of examples only, not
by way of limitations. In the figures, like reference numerals
refer to the same or similar elements.

FIG. 1 illustrates how an inductor electric current varies
over time under BCM control.

FIG. 2 shows the relationship between an output voltage of
a buck converter and a load current.

FIG. 3 is a block diagram showing an outline of a lighting
device according to Embodiment 1 of the present invention.

FIG. 4 is a circuit diagram showing the lighting device
according to Embodiment 1 of the present invention.

FIG. 5 is a circuit diagram showing a control unit according
to Embodiment 1 of the present invention.

FIG. 6 illustrates how an inductor electric current varies
over time in Embodiment 1 of the present invention.

FIG. 7 is a graph showing the relationship of an inductor
electric current flowing period T and a load current with
respect to a forward voltage in Embodiment 1 of the present
invention.

FIG. 8 illustrates how the inductor electric current varies
over time with respect to different forward voltages in
Embodiment 1 of the present invention.

FIG. 9 is a block diagram showing an outline of a lighting
device according to Embodiment 2 of the present invention.

FIG. 10 is a circuit diagram showing the lighting device
according to Embodiment 2 of the present invention.

FIG. 11 is a circuit diagram showing a control unit accord-
ing to Embodiment 2 of the present invention.

FIG. 12 illustrates an external appearance of an exemplary
luminaire according to Embodiment 3 of the present inven-
tion.

FIG. 13 illustrates an external appearance of another exem-
plary luminaire according to Embodiment 3 of the present
invention.

FIG. 14 illustrates an external appearance of another exem-
plary luminaire according to Embodiment 3 of the present
invention.

DETAILED DESCRIPTION

Hereinafter, a lighting device and a luminaire according to
embodiments of the present invention will be described, with
reference to the accompanying drawings. It should be noted
that any of the embodiments described in the following illus-
trates one specific preferable example of the present inven-
tion. Thus, the numerical value, shape, material, structural
component, the arrangement and connection of the structural
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6

components, step, the order of steps and so on indicated in the
following embodiments are merely an example and not
intended to limit the present invention. Accordingly, among
the structural components described in the following embodi-
ments, the one not recited in an independent claim indicating
the most generic concept of the present invention will be
described as an arbitrary structural component.

Incidentally, each figure is a schematic view and not nec-
essarily illustrated precisely.

Embodiment 1

First, a lighting device and a luminaire in Embodiment 1 of
the present invention will be described.

FIG. 3 is a block diagram showing an outline of a lighting
device 1 according to the present embodiment. This figure
illustrates not only the lighting device 1 but also a DC power
source 2 for supplying DC power, an AC power source 4 for
supplying AC power to the DC power source 2, and a solid-
state light-emitting element to be lit up (an LED 3 in the
present embodiment). Here, the lighting device 1, the DC
power source 2 and the LED 3 are combined to form a lumi-
naire 10.

The lighting device 1 is a circuit that is supplied with a DC
voltage having a voltage value Vbus from the DC power
source 2 and feeds an electric current lout to the LED 3 having
a forward voltage V1. As shown in FIG. 3, the lighting device
1 includes a buck converter BC1, which is a kind of DC/DC
converters, and a control unit CNTL.

The circuit configuration of the DC power source 2 is not
particularly limited but may be, for example, a power factor
improvement circuit using a boost converter or a flyback
converter.

FIG. 4 is a circuit diagram showing the lighting device 1
according to the present embodiment.

The buck converter BC1 includes a switching element
SW1, an inductor L1, a diode D1 and a current detection
circuit.

The switching element SW1 is an element that is connected
in series with the DC power source 2 and turned ON and OFF
by the control unit CNTL. The switching element SW1 can
be, for example, a MOS-FET or the like.

The inductor L1 is an element that is connected in series
with the switching element SW1 and passes an electric cur-
rent from the DC power source 2 when the switching element
SW1 is in an ON state.

The diode D1 is an element that supplies to the LED 3 an
electric current released from the inductor L1.

A resistor Rs is an element that constitutes the current
detection circuit. The current detection circuit detects an elec-
tric current isw1 flowing through the switching element SW1
from a voltage drop Rs-isw1 generated at the resistor Rs.

The buck converter BC1 in the present embodiment further
includes a smoothing capacitor C1 that is connected in par-
allel with the LED 3 and smoothes an electric current to be
supplied to the LED 3. A triangular-wave inductor electric
current as shown in FIG. 1 is smoothed by the smoothing
capacitor C1 and supplied to the LED 3.

FIG. 5 is a circuit diagram showing a simplified configu-
ration of the control unit CNTL.

The control unit CNTL includes an ON timing pulse gen-
erator PG1, a comparator CP1 and a flip-flop FF1.

The ON timing pulse generator PG1 is a pulse generator
that repeatedly outputs a pulse signal in fixed cycles. The ON
timing pulse generator PG1 outputs a pulse signal to a set
terminal of the flip-flop FF1 in the fixed cycles determined
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based on a maximum forward voltage Vfmax of the LED 3
and an output voltage value Vbus of the DC power source 2.

Such fixed cycles each may be a period where timing at
which the inductor L1 finishes releasing an electric current
and timing at which the switching element SW1 is switched
from an OFF state to an ON state coincide with each other
when the LED 3 with a maximum forward voltage Vfmax is
connected. In other words, such a fixed cycle is set to a period
where operation is performed by BCM control when the LED
3 with a maximum forward voltage Vfmax is connected.

The comparator CP1 is a circuit that compares a peak
current reference value, which is a target value of a peak
current flowing through the inductor L1, with a detection
value of an electric current flowing through the switching
element SW1 detected by the current detection circuit. The
comparator CP1 outputs a High level signal to a reset terminal
of the flip-flop FF1 when the detection value of the electric
current flowing through the switching element SW1 exceeds
the peak current reference value.

The flip-flop FF1 is a circuit whose Q output is connected
to a gate terminal of the switching element SW1 via a drive
amplifier.

An output signal of the ON timing pulse generator PG1 is
inputted to the set terminal of the flip-flop FF1, and when this
output signal turns to a High level, the Q output of the flip-flop
FF1 turns to a High level.

Also, an output signal of the comparator CP1 is inputted to
the reset terminal of the flip-flop FF1, and when this output
signal turns to a High level, the Q output of the flip-flop FF1
turns to a Low level.

Herein, the operation of the lighting device 1 in the present
embodiment will be explained.

When the ON timing pulse generator PG1 outputs a High
level signal in fixed cycles, the Q output of the flip-flop FF1
turns to a High level, so that a High level signal is inputted to
the gate terminal of the switching element SW1. Accordingly,
the switching element SW1 turns to an ON state, namely, a
conducting state.

When the switching element SW1 turns to the ON state, a
voltage drop occurs in the inductor [.1, so that an electric
current flows through the inductor .1 and the switching ele-
ment SW1. At this time, a reverse voltage is applied to the
diode D1, which turns to a non-conducting state. The electric
current flowing through the inductor [.1 and the switching
element SW1 increases with a lapse of time. Then, when the
electric current reaches the electric current reference value
Iref, the output of the comparator CP1 turns to a High level,
and the Q output of the flip-flop FF1 turns to a Low level.
Accordingly, the switching element SW1 is switched from
the ON state to the OFF state. When the switching element
SW1 turns to the OFF state, the electric current flowing
through the switching element SW1 is interrupted.

In other words, the control unit CNTL switches the switch-
ing element SW1 from the ON state to the OFF state when it
senses that the electric current through the switching element
SW1 reaches the electric current reference value based on the
output signal from the comparator CP1.

There occurs a certain delay time AT starting when the
detection value of the electric current flowing through the
switching element SW1 reaches the electric current reference
value Iref until the switching element SW1 is switched from
the ON state to the OFF state. This delay time AT is a delay
time that is needed for response by circuits such as the com-
parator CP1, the flip-flop FF1 and so on.

Due to this delay time AT, the actual peak current value
exceeds the electric current reference value Iref by Alp or Alp'
as shown in FIG. 1. Since the forward voltage of the LED 3,
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which is a load in the lighting device 1, decreases with an
increase in rate of change in electric current flowing through
the inductor [.1 (inductor electric current) over time, the
difference of the actual peak current value from the reference
electric current value Iref becomes larger.

When the switching element SW1 turns to the OFF state,
namely, the non-conducting state, energy stored in the induc-
tor L1 is released, so that the diode D1 turns to the conducting
state. At this time, the amount of the inductor electric current
decreases from the peak current value with a lapse of time.
When the inductor electric current reaches zero, the diode D1
turns to the non-conducting state, so that no electric current
flows through the inductor L1, the switching element SW1
and the diode D1.

The rate of change in the inductor electric current over time
depends on the forward voltage of the LED 3 serving as a
load. Thus, when the switching element SW1 operates as
described above, an inductor electric current flowing period T
in which an electric current flows through the inductor [.1
varies depending on the forward voltage of the LED 3.

Inthe present embodiment, the forward voltage ofthe LED
3 to be connected as a load to the buck converter BC1 ranges
from Vimin to Vimax.

As described above, the ON timing pulse generator PG1
generates a fixed cycle pulse that allows the BCM operation
when the LED 3 with a maximum forward voltage Vfmax is
connected as the LED 3 to be connected to the lighting device
1.

FIG. 6 illustrates how the inductor electric current varies
over time in the present embodiment.

When the LED 3 with a forward voltage Vimax is con-
nected, the inductor electric current varies as indicated by a
solid line in FIG. 6, and the inductor electric current flowing
period is a period Tmax equal to a cycle period of ON control
of the switching element SW1. In other words, when the
forward voltage is Vimax, the lighting device 1 operates in
BCM.

Further, when the forward voltage is at least Vimin and less
than Vimax, the inductor electric current varies as indicated
by a dashed line in FIG. 6, and the inductor electric current
flowing period is T' (T'<I'max) as shown in FIG. 6. In other
words, when the forward voltage is at least Vimin and less
than Vimax, the lighting device 1 operates in a discontinuous
current mode (DCM).

That is to say, in the lighting device 1 according to the
present embodiment, an increase in load current due to an
increase in peak value of the inductor electric current when
the forward voltage Vf decreases is canceled out by the
decrease in inductor electric current flowing period by the
DCM operation.

Herein, the inductor electric current flowing period T and
the load current Ioutl flowing through the LED 3 in the
present embodiment will be analyzed.

When V{ denotes the forward voltage of the LED 3 and LL
denotes an inductance value of the inductor L1, the inductor
electric current flowing period T is expressed by the formula
below.

1

T—Iﬂ( L, )+ATVM
=TI Vows—vi T vf

vf

[Formula 1]

Further, when Ip denotes the peak value of the inductor
electric current, the load current Ioutl flowing through the
LED 3 is expressed by the formula below.

Toutl=(7/Tmax)-(Ip/2) [Formula 2]
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FIG. 7 is a graph showing the relationship of the inductor
electric current flowing period T and the load current Ioutl
with respect to the forward voltage Vf of the LED 3 obtained
from the formulae 1 and 2 above.

The lower section of the graph in FIG. 7 also shows the
relationship of the load current Ioutl in an example in the
background art (namely, BCM operation) with respect to the
forward voltage V{.

Point C in FIG. 7 indicates a position of the inductor
electric current flowing period Tmax when the forward volt-
age is Vimax.

Also, point A in FIG. 7 indicates a point achieving the same
inductor electric current flowing period as the point C. The
forward voltage at point A is substantially equal to the differ-
ence between the output voltage value Vbus of the DC power
source 2 and the Vimax.

Further, point B indicates a point at which the inductor
electric current flowing period T is a minimum value Te. The
forward voltage at point B is substantially Vbus/2.

FIG. 8 illustrates how the inductor electric current varies
over time for the individual forward voltages at points A, B
and C shown in FIG. 7.

As shown in FIG. 8, it can be understood that the lighting
device 1 operates in the BCM in the cases of point A (dashed
line) and point C (solid line). Also, in the case of point B, the
lighting device 1 is understood to operate in the DCM.

Similarly, if the inductor electric current flowing period T
is shorter than Tmax, i.e., VI is larger than the difference
between the Vbus and Vimax and smaller than Vimax, the
lighting device 1 operates in the DCM.

Alower section of the graph in FIG. 7 illustrates an amount
of change Aloutl in load current Iout1 in the present embodi-
ment and an amount of change Alout0 in load current in an
example of the background art (namely, the BCM operation)
when the forward voltage V{ varies from Vfmax within a
range of AVL.

As shown in FIG. 7, by setting Vimax and AVT appropri-
ately, it is possible to achieve Aloutl smaller than Alout0.

As shown in the lower section of the graph in FIG. 7, the
load current Ioutl in the present embodiment is at its mini-
mum value at a point where the forward voltage is higher than
Vbus/2. Thus, the amount of variation in load current Ioutl
with respect to the forward voltage is particularly small near
the above-noted minimum value.

Accordingly, by setting this Vfmax at a value larger than or
equal to Vbus/2, it would be possible to further suppress the
variation in load current Ioutl with respect to V1. Also, when
VT is substantially equal to the difference between Vbus and
Vimax (VT at point A in FIG. 7), the load current Ioutl is
equivalent to a load current in an example of the background
art. Thus, it is desired that the minimum value Vimin of the
forward voltage should be set to be larger than or equal to the
difference between Vbus and Vimax.

As described above, the lighting device 1 according to the
present embodiment allows the light output of the LED 3 to be
stabilized with a simple configuration.

Incidentally, although only one buck converter is provided
in the present embodiment, a plurality of buck converters may
be provided to supply an electric current to different LEDs
respectively.

Embodiment 2

Next, alighting device and a luminaire in Embodiment 2 of
the present invention will be described.

FIG. 9 is a block diagram showing an outline of a lighting
device 1 according to the present embodiment.
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The lighting device 1 in the present embodiment includes a
plurality of buck converters BC1, BC2, . . . and a control unit
CNTL.

Also in the present embodiment, the lighting device 1, a
DC power source 2 and a plurality of LEDs 3 are combined to
form a luminaire 10 similarly to Embodiment 1.

As shown in FIG. 9, each of the buck converters is con-
nected in parallel with an output terminal of the DC power
source 2.

The control unit CNTL is a processing unit that controls the
buck converters so that load currents Ioutl, Iout2, . .. of these
buck converters are constant and equal to one another.

Outputs of the individual buck converters are respectively
connected with the LEDs 3 serving as loads. The LEDs 3 may
have different forward voltages.

FIG. 10 is a circuit diagram showing the lighting device 1
according to the present embodiment.

The buck converters BC1, BC2, . . . shown in FIG. 10 are
different from the buck converter BC1 in Embodiment 1 in
that they are respectively provided with auxiliary windings
for detecting a zero electric current of inductors L1, 1.2, .. ..

Voltage values ZCD1, ZCD2, . . . outputted from the aux-
iliary windings provided in the inductors [.1, L2, . . . are
proportional to time derivatives of electric currents flowing
through the respective inductors. Also, the voltage values
outputted from the auxiliary windings generate positive or
negative voltages when electric currents il.1, iL.2, . . . flowing
through the inductors [.1, L2, . . . increase or decrease over
time, and do not generate any voltages when the electric
currents iL.1, iL.2, . . . are constant.

FIG. 11 is a circuit diagram showing a simplified internal
configuration of the control unit CNTL in the present embodi-
ment.

The control unit CNTL includes a sensing circuit for sens-
ing that the electric currents of all of the inductors included in
the individual buck converters are zero, and comparators
CP1, CP2,. .. for comparing a detection value of the inductor
electric current with a peak current reference value. Here, the
sensing circuit is configured by a logic circuit that outputs a
logical product of negations of the voltage values ZCD1,
D2, . ...

Further, the control unit CNTL includes a starter S1 for
generating a start pulse signal at startup ofthe lighting device,
and flip-flops FF1, FF2, . . . corresponding to the buck con-
verters BC1, BC2, . . ..

A set terminal of each of the flip-flops in the control unit
CNTL is supplied with a logical sum of the start pulse signal
from the starter S1 and the logical product of the negations of
the voltage values ZCD1, ZCD2, . . . . Accordingly, when the
start pulse signal is generated or when all of the voltage values
ZCD1, ZCD2, . . . are at a Low level, Q outputs of all of the
flip-flops turn to a High level.

The comparators CP1, CP2, . . . compare electric currents
iswl, isw2, . . . flowing through switching elements SW1,
SW2, ... with a peak current reference value Iref. Here, the
peak current reference value Iref is a target value of a peak
current of each of the switching elements, and this value is set
according to a desired load current value lout.

An output of each of the comparators turns to a High level
when the electric current flowing through each of the switch-
ing elements is larger than the peak current reference value
Iref. The outputs of the comparators CP1, CP2, . . . are
inputted to reset terminals of the flip-flops FF1, FF2, . . .,
respectively. Then, when the outputs of the individual com-
parators turn to a High level, the Q outputs of the correspond-
ing flip-flops turn to a Low level.
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The Q outputs of the flip-flops FF1, FF2, . . . are connected
to gate terminals of the switching elements SW1, SW2, .. .,
respectively. Thus, when the Q output of each of the flip-flops
turns to a High level, each of the switching elements turns to
an ON state, namely, a conducting state. Also, when the Q
output of each of the flip-flops turns to a Low level, each of the
switching elements turns to an OFF state, namely, a non-
conducting state.

Herein, the operation of the lighting device 1 in the present
embodiment will be explained.

At startup of the lighting device 1, the start pulse signal
generated by the starter S1 is inputted to the set terminals of
all of the flip-flops simultaneously. The start pulse signal is
inputted to the set terminals, whereby the Q outputs of all of
the flip-flops turn to a High level, so that all of the switching
elements turn to the ON state simultaneously.

When all of the switching elements turn to the ON state, an
applied voltage of the DC power source 2 causes a voltage
drop in all of the inductors, so that an electric current flows
from the DC power source 2 to all the inductors and all the
switching elements.

At this time, a reverse voltage is applied to all diodes, so
that a non-conducting state is reached.

The electric current flowing through all the inductors and
all the switching elements increases with a lapse of time.

Here, the rate of change in electric current flowing through
the inductors and the switching elements over time depends
on the forward voltage of the LEDs 3 serving as loads. Thus,
the electric currents flowing through the individual inductors
and switching elements reach the peak current reference
value Iref at timing depending on the forward voltages of the
corresponding LEDs 3 that are connected.

When an electric current flowing through a certain switch-
ing element SWk (k=1, 2, . . . ) reaches the peak current
reference value Iref, an output of a comparator CPk turns to a
High level, so that this output is inputted to a reset terminal of
a flip-flop FFk.

Since a Q output of the flip-flop FFk is a Low level, the
switching element SWk whose gate terminal is supplied with
that Q output is switched from an ON state to an OFF state,
whereby the electric current flowing through the switching
element SWk is interrupted.

When the switching element SWk turns to the OFF state,
namely, a non-conducting state, a diode Dk included in a buck
converter BCk turns to a conducting state, whereby an electric
current flows through an inductor Lk and the diode Dk. This
electric current decreases from a peak current value with a
lapse of time, and when the electric current flowing through
the inductor Lk reaches zero, the diode DK turns to a non-
conducting state.

At this time, when the electric current flowing through the
inductor Lk decreases to zero, a voltage generated in an
auxiliary winding ZCDk of the inductor Lk shifts from a High
level to a Low level, so that it is possible to detect that zero
electric current is reached.

When a logic gate included in the control unit turns all of
the auxiliary winding voltages to a Low level, namely, brings
the electric currents flowing through all of the inductors to
zero, an output of an AND gate turns to a High level. Accord-
ingly, the High level is inputted to the set terminals of all the
flip-flops, so that all the switching elements are switched from
the OFF state to the ON state simultaneously.

In other words, when all of the inductor electric currents
are sensed as zero, the operation of turning ON all of the
switching elements is carried out. Thus, the buck converter
having the longest inductor electric current flowing period
operates in the BCM, and the remaining buck converters
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operate in the DCM in synchronization with that buck con-
verter. Here, the forward voltage value of the LED 3 con-
nected to the buck converter operating in the BCM among the
individual buck converters is largest among all the forward
voltages.

Inthe lighting device 1 of the present embodiment, with the
operation described above, the difference in load current
among the individual buck converters is suppressed similarly
to Embodiment 1. In other words, an increase in load current
due to an increase in peak current of the inductor electric
current of the buck converter connected with the LED 3
having a small forward voltage can be canceled out by the
decrease in inductor electric current flowing period by the
DCM operation. Therefore, the present embodiment makes it
possible to suppress the difference among the individual load
currents compared with the case of adopting a configuration
of'the background art in which all the buck converters operate
in the BCM.

Further, also in the present embodiment, the inductor elec-
tric current flowing period T of each of the buck converters
and the load current depend on the forward voltage Vf of the
LED 3 connected to each buck converter and have minimum
values as shown in FIG. 7 similarly to Embodiment 1.

Thus, in the present embodiment, it is desired that the
largest forward voltage Vimax among the forward voltages of
the LEDs 3 connected to the individual buck converters
should be larger than V2 of the output voltage Vbus of the DC
power source 2. Also, it is desired that the smallest forward
voltage Vimin among the forward voltages of the LEDs 3
connected to the individual buck converters should be larger
than the difference between Vbus and Vimax.

As described above, in the present embodiment, it is pos-
sible to suppress the difference in load current of the indi-
vidual buck converters, i.e., variations in light output among
the plural LEDs 3 serving as loads compared with the case of
adopting the configuration of the background art in which all
the buck converters operate in the BCM.

Embodiment 3

Now, a lighting device and a luminaire in Embodiment 3 of
the present invention will be described.

Each of FIGS. 12 to 14 illustrates an external appearance of
a luminaire 10 in the present embodiment.

FIG. 12 illustrates an example of applying the luminaire 10
to a down light, and each of FIGS. 13 and 14 illustrates an
example of applying the luminaire 10 to a spot light.

Each of the luminaires 10 shown in FIGS. 12 to 14 includes
acircuit box 11 and a lamp 12, and the luminaire 10 shown in
FIG. 12 further includes wiring 13.

The circuit box 11 contains the lighting device 1 and the
DC power source 2 described above, and an LED is mounted
in the lamp 12.

Moreover, the wiring 13 electrically connects the circuit
box 11 and the lamp 12.

In the present embodiment, the above-described lighting
device 1 is used in the luminaire 10, thereby allowing an
electric current flowing through the LED to have a desired
electric current value. Thus, it is possible to suppress varia-
tions in light output of the individual luminaires 10 in the case
of installing the plural luminaires 10 in one space.

Also, when the luminaire 10 includes a plurality of LEDs,
it is possible to suppress color unevenness among the LEDs.

As described above, the lighting device according to
Embodiment 1 is a lighting device that is connected to a DC
power source and supplies an electric current to a solid-state
light-emitting element whose forward voltage ranges from
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Vimin to Vimax. The lighting device includes: a DC/DC
converter; and a control unit. The DC/DC converter includes:
a switching element that is connected in series with the DC
power source and turned ON and OFF; an inductor that is
connected in series with the switching element and supplied
with an electric current from the DC power source when the
switching element is in an ON state; a diode that supplies, to
the solid-state light-emitting element, an electric current
released from the inductor; and a current detection circuit that
detects an electric current flowing through the switching ele-
ment and outputs a current detection value of the electric
current that is detected. The control unit includes a compara-
tor that compares the current detection value with an electric
current reference value, is configured to (i) switch the switch-
ing element from the ON state to an OFF state when the
control unit senses that the current detection value reaches the
electric current reference value based on an output signal
from the comparator, and (ii) switch the switching element
from the OFF state to the ON state in fixed cycles, each of
which being a period where timing at which the inductor
finishes releasing the electric current and timing at which the
switching element is switched from the OFF state to the ON
state coincide with each other when the forward voltage of the
solid-state light-emitting element connected to the lighting
device is the Vimax.

This makes it possible to stabilize an average electric cur-
rent flowing through the solid-state light-emitting elements
regardless of the forward voltages of the solid-state light-
emitting elements. Thus, even when there are variations in
forward voltage or rated voltage among the solid-state light-
emitting elements, the variations in electric current to be
outputted to the solid-state light-emitting elements can be
suppressed. Moreover, such a lighting device has a relatively
simple configuration.

Also, in Embodiment 1, the Vimax may be larger than %% of
an output voltage value of the DC power source.

This makes it possible to further suppress the variations in
electric current to be outputted to the solid-state light-emit-
ting elements.

Additionally, in Embodiment 1, the Vfmin may be larger
than a difference between the output voltage value of the DC
power source and the Vimax.

This makes it possible to suppress the variations in electric
current to be outputted to the solid-state light-emitting ele-
ments more reliably.

Also, in Embodiment 1, the control unit may further
include a pulse generator that repeatedly outputs a pulse
signal in the fixed cycles, the pulse generator determining the
fixed cycles based on an output voltage value of the DC power
source and a forward voltage value of the solid-state light-
emitting element to be connected to the lighting device.

This makes it possible to set a switching cycle of the
switching element according to the forward voltage of the
solid-state light-emitting element and the output voltage of
the DC power source.

Further, a lighting device according to Embodiment 2 is a
lighting device that is connected to a DC power source and
supplies an electric current to a plurality of solid-state light-
emitting elements. The lighting device includes: a plurality of
DC/DC converters; and a control unit. The plurality of
DC/DC converters each include: a switching element that is
connected in series with the DC power source and turned ON
and OFF; an inductor that is connected in series with the
switching element and supplied with an electric current from
the DC power source when the switching element is in an ON
state; a diode that supplies, to one of the plurality of solid-
state light-emitting elements, an electric current released
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from the inductor; and a current detection circuit that detects
an electric current flowing through the switching element and
outputs a current detection value of the electric current that is
detected. The control unit includes: a sensing circuit that
senses that the electric current through the inductor included
in every one of the plurality of DC/DC converters is zero; and
a plurality of comparators that are in one-to-one correspon-
dence with the plurality of DC/DC converters. The plurality
of'comparators each compare the current detection value with
an electric current reference value. The control unit is con-
figured to (i) switch the switching element corresponding to
one of the plurality of comparators from the ON state to an
OFF state when the control unit senses that the current detec-
tion value reaches the electric current reference value based
on an output signal from the one of the plurality of compara-
tors, and (i) switch the switching element included in every
one of the plurality of DC/DC converters simultaneously
from the OFF state to the ON state when the sensing circuit
senses that the electric current through the inductor included
in every one of the plurality of DC/DC converters is zero.

In this way, an electric current to be outputted to the plu-
rality of solid-state light-emitting elements can be stabilized
to have a desired value.

Also, in Embodiment 2, the electric current reference value
may be common to the plurality of comparators.

This makes it possible to suppress the variations in electric
current to be outputted to the plurality of solid-state light-
emitting elements.

Moreover, in Embodiment 2, Vfmax may be larger than /2
of an output voltage value of the DC power source, where
Vimax denotes a maximum forward voltage among forward
voltages of the plurality of solid-state light-emitting ele-
ments.

In this way, an electric current to be outputted to the plu-
rality of solid-state light-emitting elements can be stabilized
further.

Additionally, in Embodiment 2, Vimin may be larger than
a difference between the output voltage value of the DC
power source and the Vimax, where Vimin denotes a mini-
mum forward voltage among the forward voltages of the
plurality of solid-state light-emitting elements.

In this way, an electric current to be outputted to the plu-
rality of solid-state light-emitting elements can be stabilized
more reliably.

The above description has been directed to the lighting
device and the luminaire according to embodiments of the
present invention. However, the present invention is not lim-
ited to these embodiments. As long as not departing from the
purpose of the present invention, various modifications to the
above embodiments conceivable by a person skilled in the art
and modes configured by combining structural components
in different embodiments may also fall within the scope of
one or more embodiments of the present invention.

For example, in the lighting devices described in the above
embodiments, the LED has been used as the solid-state light-
emitting element. However, the solid-state light-emitting ele-
ment according to an aspect of the present invention may be
replaced with another solid-state light-emitting element such
as an organic EL element or the like.

Also, in the case of applying the lighting device described
in the above embodiments to a plurality of luminaires, either
type of the lighting devices in Embodiments 1 and 2 described
above may be applied to all the luminaires, or both types of
these lighting devices may be mixed and applied to the plu-
rality of luminaires. Furthermore, in the case of applying the
lighting device in Embodiment 2 above to a plurality of lumi-
naires, the individual buck converters may be divided and
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received in their corresponding luminaires or may be put
together and received in a single luminaire.

Moreover, in the lighting device of the above-described
embodiments, the buck converter has been described as an
example of the DC/DC converter. However, the DC/DC con-
verter according to an aspect of the present invention is not
limited to the buck converter indicated in each embodiment.
Any DC/DC converter could be employed as long as it
includes a switching element, an inductor and a diode and
operates as described below. That is to say, the DC/DC con-
verter may be any DC/DC converter as long as it operates such
that the inductor is supplied with an electric current to store
energy when the switching element is in an ON state, and the
energy stored in the inductor is discharged via the diode when
the switching element is in an OFF state.

Additionally, in the above described embodiments, the
maximum value and the minimum value of the forward volt-
age of the solid-state light-emitting element have been deter-
mined based on the output voltage value of the DC power
source. However, it is conversely possible to regulate the
output voltage value of the DC power source based on the
maximum value and the minimum value of the forward volt-
age of the solid-state light-emitting element.

While the foregoing has described what are considered to
be the best mode and/or other examples, it is understood that
various modifications may be made therein and that the sub-
ject matter disclosed herein may be implemented in various
forms and examples, and that they may be applied in numer-
ous applications, only some of which have been described
herein. It is intended by the following claims to claim any and
all modifications and variations that fall within the true scope
of the present teachings.

The invention claimed is:

1. A lighting device that is connected to a DC power source
and supplies an electric current to a solid-state light-emitting
element whose forward voltage ranges from Vimin to Vimax,
the lighting device comprising:

a DC/DC converter; and

a control unit,

wherein the DC/DC converter includes:

a switching element that is connected in series with the
DC power source and turned ON and OFF;

an inductor that is connected in series with the switching
element and supplied with an electric current from the
DC power source when the switching element is in an
ON state;

a diode that supplies, to the solid-state light-emitting
element, an electric current released from the induc-
tor; and

a current detection circuit that detects an electric current
flowing through the switching element and outputs a
current detection value of the electric current that is
detected,

the control unit includes a comparator that compares the

current detection value with an electric current reference

value, is configured to (i) switch the switching element
from the ON state to an OFF state when the control unit
senses that the current detection value reaches the elec-
tric current reference value based on an output signal
from the comparator, and (ii) switch the switching ele-
ment from the OFF state to the ON state in fixed cycles,
each of which being a period where timing at which the
inductor finishes releasing the electric current and tim-
ing at which the switching element is switched from the

OFF state to the ON state coincide with each other when

the forward voltage of the solid-state light-emitting ele-

ment connected to the lighting device is the Vimax.
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2. The lighting device according to claim 1,

wherein the Vfmax is larger than 2 of an output voltage

value of the DC power source.

3. The lighting device according to claim 2,

wherein the Vimin is larger than a difference between the

output voltage value of the DC power source and the

Vimax.

4. The lighting device according to claim 1,

wherein the control unit further includes a pulse generator

that repeatedly outputs a pulse signal in the fixed cycles,

the pulse generator determining the fixed cycles based
on an output voltage value of the DC power source and

a forward voltage value of the solid-state light-emitting

element to be connected to the lighting device.

5. A luminaire comprising:

the lighting device according to claim 1; and

a solid-state light-emitting element whose forward voltage

ranges from Vimin to Vimax.

6. A lighting device that is connected to a DC power source
and supplies an electric current to a plurality of solid-state
light-emitting elements, the lighting device comprising:

a plurality of DC/DC converters; and

a control unit,

wherein the plurality of DC/DC converters each include:

a switching element that is connected in series with the
DC power source and turned ON and OFF;

an inductor that is connected in series with the switching
element and supplied with an electric current from the
DC power source when the switching element is in an
ON state;

adiode that supplies, to one of the plurality of solid-state
light-emitting elements, an electric current released
from the inductor; and

a current detection circuit that detects an electric current
flowing through the switching element and outputs a
current detection value of the electric current that is
detected,

the control unit includes:

a sensing circuit that senses that the electric current
through the inductor included in every one of the
plurality of DC/DC converters is zero; and

a plurality of comparators that are in one-to-one corre-
spondence with the plurality of DC/DC converters,
the plurality of comparators each comparing the cur-
rent detection value with an electric current reference
value, and

the control unit is configured to

(1) switch the switching element corresponding to one of
the plurality of comparators from the ON state to an
OFF state when the control unit senses that the current
detection value reaches the electric current reference
value based on an output signal from the one of the
plurality of comparators, and

(ii) switch the switching element included in every one
of the plurality of DC/DC converters simultaneously
from the OFF state to the ON state when the sensing
circuit senses that the electric current through the
inductor included in every one of the plurality of
DC/DC converters is zero.

7. The lighting device according to claim 6,

wherein the electric current reference value is common to

the plurality of comparators.

8. The lighting device according to claim 6,

wherein Vimax is larger than %2 of an output voltage value

of the DC power source, where Vfmax denotes a maxi-

mum forward voltage among forward voltages of the
plurality of solid-state light-emitting elements.



US 9,131,555 B2

17

9. The lighting device according to claim 8,

wherein Vimin is larger than a difference between the

output voltage value of the DC power source and the

Vimax, where Vimin denotes a minimum forward volt-

age among the forward voltages of the plurality of solid-

state light-emitting elements.

10. A luminaire comprising:

the lighting device according to claim 6; and

a plurality of solid-state light-emitting elements.

11. A method for designing a lighting device that is con-
nected to a DC power source and supplies an electric current
to a solid-state light-emitting element whose forward voltage
ranges from Vimin to Vimax,

wherein the lighting device includes a DC/DC converter

and a control unit,

the DC/DC converter includes:

a switching element that is connected in series with the
DC power source and turned ON and OFF;

an inductor that is connected in series with the switching
element and supplied with an electric current from the
DC power source when the switching element is in an
ON state;

a diode that supplies, to the solid-state light-emitting
element, an electric current released from the induc-
tor; and

a current detection circuit that detects an electric current
flowing through the switching element and outputs a
current detection value of the electric current that is
detected,

the control unit includes a comparator that compares the

current detection value with an electric current reference

value, is configured to (i) switch the switching element

from the ON state to an OFF state when the control unit

senses that the current detection value reaches the elec-

tric current reference value based on an output signal

from the comparator, and (ii) switch the switching ele-

ment from the OFF state to the ON state in fixed cycles,
the method comprising

setting the fixed cycles for the lighting device so that timing

at which the inductor finishes releasing the electric cur-
rent and timing at which the switching element is
switched from the OFF state to the ON state coincide
with each other when the forward voltage of the solid-
state light-emitting element connected to the lighting
device is the Vimax.

12. The method for designing a lighting device according
to claim 11, further comprising

setting the Vfmax to be larger than %2 of an output voltage

value of the DC power source.
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13. The method for designing a lighting device according
to claim 12, further comprising

setting the Vimin to be larger than a difference between the

output voltage value of the DC power source and the
Vimax.
14. A method for manufacturing a lighting device that is
connected to a DC power source and supplies an electric
current to a solid-state light-emitting element whose forward
voltage ranges from Vimin to Vimax, the method comprising:
providing a DC/DC converter including: a switching ele-
ment that is connected in series with the DC power
source and turned ON and OFF; an inductor that is
connected in series with the switching element and sup-
plied with an electric current from the DC power source
when the switching element is in an ON state; a diode
that supplies, to the solid-state light-emitting element,
an electric current released from the inductor; and a
current detection circuit that detects an electric current
flowing through the switching element and outputs a
current detection value of the electric current that is
detected;
providing a control unit including a comparator that com-
pares the current detection value with an electric current
reference value, and configured to (i) switch the switch-
ing element from the ON state to an OFF state when the
control unit senses that the current detection value
reaches the electric current reference value based on an
output signal from the comparator, and (ii) repeatedly
switch the switching element from the OFF state to the
ON state in fixed cycles; and

setting the fixed cycles for the lighting device so that timing
at which the inductor finishes releasing the electric cur-
rent and timing at which the switching element is
switched from the OFF state to the ON state coincide
with each other when the forward voltage of the solid-
state light-emitting element connected to the lighting
device is the Vimax.

15. The method for manufacturing a lighting device
according to claim 14, further comprising

setting the Vimax to be larger than % of an output voltage

value of the DC power source.

16. The method for manufacturing a lighting device
according to claim 15, further comprising

setting the Vimin to be larger than a difference between the

output voltage value of the DC power source and the
Vimax.



